Deformation and fracture mechanism during tensile testing is investigated for consolidated Fe-Cu alloy. Fe-Cu rapidly solidified powder in which copper is supersaturated is consolidated using groove rolling. Copper content, rolling temperature, and heat exposure condition are varied to obtain samples with various microstructures. The samples are subjected to tensile testing; some tests are suspended to observe the microstructure change during loading. The tensile behavior and the microstructure are correlated based on the obtained stress-strain curves and SEM observation. The difference of the stress-strain curve is explained from the morphology change of the microstructures and the following change of the microfracture behavior during loading.
Introduction
With the development of high performance electrical appliances and their popularization, the quality of scrap iron tends to deteriorate involving plastic parts, copper wires and integrated circuits. Accelerated consumption and short life cycle of the products increase the low quality scrap iron, and the amount of the scrap that can no longer recycled becomes larger and larger. Copper, a major impurity in scrap iron from such as vehicles and electrical appliances, is one of the most troublesome elements because it is difficult to remove from iron by refining. It is necessary to develop a new processing that can utilize copper rich scrap without removing copper.
It has been known that the consolidation of powder having a non-equilibrium microstructure such as mechanically alloyed powder leads to unique microstructure of the consolidated sample that has never been obtained in other processing. [1] [2] [3] [4] [5] [6] [7] [8] One of possible solutions is not to remove Copper impurity but to mix it in iron matrix, for example, supersaturation and nano-order dispersion, using a powder metallurgical technique. Recently, the concept of shutting copper in iron powder and consolidating it has been proposed. 1, 9) In this processing copper is supersaturated in the iron powder by rapid cooling, and the powder is consolidated with a rolling technique at a temperature where the melted copper phase does not appear. It has been reported that water atomized iron powders with 0.5-15 mass% coppers were successfully consolidated with groove rolling at 873-1273 K. 1) Copper impurity is dispersed in the iron matrix through the process, without either liquid phase or coarse precipitation, suggesting the possibilities of hardening by nano-order copper precipitation. [9] [10] [11] [12] [13] [14] Understanding of relation between microstructure of the consolidated materials and mechanical properties of them is important to bring about the best performance of the materials. In this study the effect of microstructure on tensile behavior is investigated and the fracture mechanism is discussed. * Corresponding author, E-mail address: KAKISAWA.Hideki@nims.go.jp
Experimental Procedure
Fe-Cu alloy powder (Nippon Atomized Metal Powders Corporation, Tokyo, Japan) was prepared with high-pressure water atomizing method with the copper content set 2 mass%. The atomized powder was put through a sieve and the mean grain size of the powder was set to 5 µm. The selected powder was filled in low carbon steel sheath with an inner diameter of 30 mm and outer diameter of 40 mm; it was sealed after evacuated at 753 K for 54 ks in order to remove surface impurities of the powder. Then the sheath was heavily deformed and consolidated with groove rolling at 873 K or 973 K. The rolling was done with 11steps; the 40 mm diameter sheaths were formed into bars with a final diameter of 14.3 mm. After the rolling the consolidated samples were cooled in air. Transverse and longitudinal sections of the samples were observed by scanning electron microscopy (SEM). Tensile testing was done in air at room temperature using round tensile test specimens of which parallel span were 24.5 mm and diameter is 3.5 mm. The crosshead speed was a constant rate of 8.3 × 10 −3 mm/s. Note that the primary outer sheath parts were completely removed when the bars were machined to the specimen of 3.5 mm diameter. Some tests were suspended at various points during loading. After the tests, SEM observation of the fracture surface and longitudinal section of the specimens was carried out. Figure 1 shows the microstructure of the longitudinal and transverse sections of the consolidated sample rolled at 873 K. Few pores were observed as a powder consolidated material, showing the good consolidation was achieved. No clear grain boundaries were observed in the transverse section and instead, the traces assumed to be primary powder boundaries were observed. The diameter of a single circular trace was about 1 µm. Note that the assumption is based on the calculated diameter of the transverse section in the case a 5 µm single powder is deformed with groove rolling in the condition used in this study, which is calculated to be 1 µm. Although some pores of 1-2 µm were observed mostly at the end of the deformed powder in the longitudinal observation, the number of them were very few, typically 0.08 vol.%. Copper precipitates of several hundred nm were observed at the powder boundaries. It was also precipitated very minutely within the powder boundaries; the size was not measurable with SEM observation.
Results

Microstructure
The microstructure of the longitudinal and transverse sections of the consolidated sample rolled at 973 K is shown in Fig. 2 . There were few voids observable in both sections. The trace of the powder completely disappeared and the recrystallization occurred clearly. The recrystallized grains were very fine: The mean grain size in the transverse section was 0.75 µm. In the longitudinal section the microstructures had anisotropy; the grains were grown to the rolling direction and some textures were divided by subgrain boundaries. Minute copper precipitation occurred inside the grains while little copper was precipitated at the grain boundaries. Figure 3 shows the stress-strain curve of the samples consolidated at 873 K in tensile testing. The stress increased linearly and shifted to the uniform elongation stage without a clear yield point in the test of 873 K sample. After the maximum stress the stress decreased and reached fracture. The 0.2% proof stress and tensile strength were 613 MPa and 731 MPa, respectively. The uniform elongation and total elongation were measured to 4.49% and 15.8%, respectively.
Tensile properties
The shape of stress-strain curve of the rolled at 973 K was quite different from that of 873 K, as shown in Fig. 4 . It showed the higher strength of 812 MPa but had no uniform elongation. The stress increased linearly up to the maximum followed by abrupt drop and after the dropping, the stress decreased monotonically to the 50-60% of the maximum before fracture, with 10% total elongation. Figure 5 shows imen of the 873 K at the necking region, of which the tests were suspended at (a) 0 MPa with elongation 0% (starting point), (b) 674 MPa with elongation 1.05%, (c) 578 MPa with elongation 14.1% and (d) 513 MPa with elongation 15.8% (fracture point). There were a few pores of 1-2 µm at the boundaries, mostly at the end of the elliptic powder before loading (indicated by arrows). At (b) point the yielding started, each powder had little deformation yet but the number of the end pores increased. Oxide inclusions remained inside some pores. After the necking started and the stress decreased, small pores of ∼ 500 nm were grown at the whole boundaries as well as the boundary ends (Fig. 5(c) ). Each powder became long and narrow. With the proceeding of the deformation, the small pores grew to be joined with the neighboring pores on the same boundary line, to cause the splitting along the loading direction. Final fracture occurred at the boundaries, as shown in Fig. 5(d) .
Fracture mechanism
Discussion
Discussion is focused on the relation between tensile behavior and microstructure. The sample consolidated at 973 K was expected to show better mechanical properties with good consolidation and fine microstructure, and the strength was sufficiently high in fact. However, once it was yielded, the stress decreased monotonically with no uniform elongation. It has been known that the uniform elongation decreases with grain size decreasing. 15) This unstable plastic flow had found in a low carbon steel with the grain size of 1.7 µm 15) and therefore the grain size range of the 973 K samples can cause plastic instability. That is, the high strength of 973 K is obtained at the sacrifice of elongation.
On the other hand, the sample rolled at 873 K showed a good strength-elongation balance despite its apparently imperfect consolidation. It is explained as follows: The specimen is deformed elastically and the stress shows linear increasing at first. With increasing the stress, the debonding and pore formation occur at the powder end in the tensile mode because the surface of the powder is oxide rich due to water atomization. This reduces the slope of the curve at the relatively low stress level but it allows the following uniform elongation. These end pores are multiplied with the tensile stress rising up to a maximum and the deformation of the powders also begins. After that, the necking starts and it introduces a tensile stress perpendicular to the loading direction as well as loading direction at the necking part of the specimen. This transverse tensile stress causes the small pores along the boundaries, the combination of them, and splitting parallel to the loading direction. The splitting releases the deformed powders from the constraint of neighboring ones, allowing further elongation. Final material fracture is dominated by the boundaries fracture, not the powder breaking. Summarizing these, schematic drawing of the fracture mechanism is shown in Fig. 6 . The good tensile properties of 873 K are attributed to the accumulation of the microfracture due to the remaining trace of the powder and its imperfect cohesion. From these results, the possibilities of recycling scrap iron with copper impurity have been demonstrated. Copper liquid phase and coarse precipitation can be avoided in the proper processing condition using the powder metallurgical technique, and the high tensile strength material with the controlled microstructure can be obtained.
Conclusions
(1) Tensile behavior of the consolidated sample was dominated by its microstructure in the dimension of the powder and grain size. The cohesion among powders and progress of recrystallization are keys to determine the tensile behavior of the samples.
(2) Fine recrystallized grains of the 973 K sample resulted in unstable plastic deformation after yielding.
(3) Fracture mechanism of the 873 K samples was explained by a series of powder boundary debonding and their combinations. Good tensile properties are derived from the accumulation of the microfracture due to the remaining trace of the powder and its imperfect cohesion.
